The first two terms in a frequency expansion of the photon scattering amplitude are considered in the case where the scatterer is a particle of spin -, . It is shown that an exact calculation in quantum field theory gives results identical with those obtained by classical methods or else by use of the Dirac equation with an anomalous Pauli moment. The results depend only on the charge, mass, and magnetic moment of the scatterer. In the case of the proton, the second term, arising from scattering by the magnetic moment, appears to be negligible in comparison with eRects due to Thomson and Rayleigh scattering. 
I. INTRODUCTION " "T has long been known that the scattering of photons -in the limit of zero frequency is described correctly by the classical Thomson amplitude, which depends, of course, only on the charge and mass of the scattering particle. The result is surely independent of the spin of the particle. In the case where the spin is -, ', however, explicit proofs have been given that the result of the classical calculation is reproduced in quantum mechanics: for a normal Dirac particle, in the lowest order of perturbation theory, the proof is contained in the famous calculation of Klein and Nishina it has since been shown by Thirring' and by Kroll and Ruderman' that the Thomson formula is exactly correct in any local, renormalizable field theory, including, for example, electromagnetic and mesonic radiative corrections.
In general, the amplitude for the scattering of photons by a particle of spin -, 'may be expanded in a power series in the frequency of the photon. The Thomson ampli- tude is the zeroth term in such an expansion. It is thẽ ext term, linear in frequency, that we shall consider here. We shall calculate the linear term in three different ways: (I) Classically, using Kramer's classical description4 of a Dirac particle; besides the Dirac magnetic moment considered by Kramers, a classical anomalous moment is added. (2) In quantum mechanics, for a Dirac particle with a Pauli anomalous magnetic moment, in the lowest order of perturbation theory.
(3) Exac/ly in quantum field theory, for a Dirac particle interacting with arbitrary local and renormalizable fields, for example photons and mesons.
* Some of the work presented here was reported at the Glasgow The scatterer is taken to be at rest at the origin initially (t=0). After a long time and at great distance, a scattered wave appears with the asymptotic electric field given (to first order in the incoming field strength) by E"=G(n', n) er ' expLiq(r -t)], (2.2) where G(n', n) is a dyadic describing the scattering from the incident direction along the unit vector n= -q/q to the final direction along the unit vector n'= -q'/q'. The scattering amplitude' f is now defined by the equation, f=e' G(n', n) e, (2.3) in terms of a Anal polarization vector e' orthogonal to 11 .
The scattering particle, with charge e and mass 3f, is characterized by its position vector R(t) and a spin angular momentum S(t) that is constant in magnitude but free to rotate. The magnetic moment tz(t) is taken to be proportional to S(t); the gyromagnetic ratio g will be written as the sum of the "normal" Dirac value e/cV and an "anomalous" part g~. Of course the Dirac g-factor is often thought to be anomalous from the classical point of view. However Kramers has presented a 5 We have set c= 1; we will further put A= 1, and use units in which em/kc= 1/137. ' Strictly speaking, there is a frequency dependent correction factor by which Eq (2.3) must b. e multiplied in order that it be the exact scattering amplitude in the laboratory system. This factor arises classically from the Doppler shift of the radiation emitted by the particle which is set into motion by the incident wave. In quantum theory the factor is precisely q'/q where the frequency ratio is computed from the Compton law. We shall continue to employ the same quantity, f, in quantum theory, where it is equal to the correct scattering amplitude in the centerof-mass system, and also to the Feynman matrix element in either (2.9), the forces acting on the particle are exhibited. We have omitted the self-force and also other terms, such as the Lorentz force, which depend on the Geld-induced velocity and angular acceleration of the particle and are therefore electively quadratic in the held strengths. We have left only the electric force and the interaction of the magnetic moment with the gradient of the where V= BR/Bt, A is the transverse vector potential, and E and H are given, of course, by the equations E= aA/at, -H= v XA.
(2.5) In Eq. (2.4), the scalar potential has been ignored since it does not contribute to the scattering of light waves.
The factor of -, ' in the last term is the celebrated Thomas factor.
In order to include the eGects of the anomalous magnetic moment, we add to the Lagrangian of Kramers the additional quantity n'(n'X e')+ (n'X e') n'~e
XB(t' -t+r -r 'r r'), (2.11) For the sum of all diagrams of Class A, we can write a simple closed expression. Let q and q' be the initial and final four-momenta of the photon, s and P= (0,0,0,iM) be the initial four-momentum of the nucleon. The indices p and v will denote the initial and final direction of polarization. Then the contribution of diagrams of class A to the scattering amplitude is where 2 """'(q', q) = t""(q',q)+t""( -q, -q'), (3.3)
t""(q', q) = e'P, (p+q q'-)r"(P+q q-', P+q)-X&(P+q)I'"(P+q, P)P;(P). (3, 4) Here f"(P) is the initial Dirac spinor; I'"(P+q, It is evident from Eq. (3.3) that the partial scattering amplitude T'") obeys a symmetry relation; this relation actually holds for the total scattering amplitude T and For a discussion of a similar calculation, see Appendix of paper by Deser, Thirring, and Goldberger, Phys. Rev. 94, 711 (1954) .
In the remainder of this section, q stands for the four-vector momentum of the incident photon. The photon frequency, which is denoted elsewhere by q, is here called q0. To proceed further with the evaluation of T&~) up to terms linear in frequency, we must exhibit expansions of r, S, and f~i n powers of q and q'. We write the propagation function in the form S(p+q) = {zy (p+q)GL(p+q)'j+MF$(p+q)')) '
(3 6) and, expanding, we find" and space-time inversion: C-r"(p"p, )C= -r"'( -p"-p,), ,r"(p"p,)v, = -r"( -p"-p,), (3.10) where C is the charge-conjugation matrix, The vertex operator for equal arguments is connected with the propagation function through Ward's identity: we then obtain the identities
where the quantities are evaluated at p'= 3P. (3.13)
The evaluation of T&") is completely straightforward in terms of the quantities introduced above; we shall simply give the result. To facilitate comparison with previous formulae, we write e"'T""&"'e"= v*f~"&I, with 2 e2 f&"&=--e' eF -2z (F -Fz)'qoa" (n'Xe')X(nXe)
-e {n' n' Xe' +n' X' en) e$ ie e + --(F -Fz -1+4Fz)qoa e'Xe. (3.14)
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We must still evaluate the sum of the contributions from all diagrams of class B. It may be expressed concisely as follows, to first order in the frequency:
T""'(q', q) = z~Vr (P+q q')- 
